Abstract-In this paper, a wideband indoor body-to-body communication channel is characterized and analyzed into detail by means of the RMS delay spread and the 50% correlation bandwidth. These body-to-body channel parameters are calculated based on high-resolution power delay profiles, directly provided by the Elektrobit channel sounder, and are further analyzed using a ray tracing algorithm. We have replicated a real-life rescue operation, performed by two firefighters as part of the Rapid Intervention Team searching for potential victims, operating at the same floor of an office block. Both firefighters, who were simultaneously moving around in the vicinity of each other, were equipped with two cavity-backed Substrate Integrated Waveguide textile antennas unobtrusively integrated in the front and back section of their jackets, allowing us to analyze four independent body-to-body links. Furthermore, we prove that the Long Term Evolution (LTE) and, by extension, the LTE -Device to Device (LTE-D2D) standard is compatible with this indoor body-to-body channel. This could provide high data rate indoor communication between rescuers, enabling multimedia broadcast and realtime communication of on-body sensor data in public safety networks.
be more suitable for indoor body-to-body communication between rescuers. This extension of the general LTE standard is defined as low-latency, energy-saving communication between two (on-body) User Equipment (UE) devices, in the proximity of each other, using an LTE air interface to set up a direct link without routing via an Evolved Node B (eNB) [5] . Therefore, in this contribution, we analyze if an indoor body-to-body network is compatible with LTE and, by extension, the LTE-D2D standard. Therefore, we performed wideband, indoor, body-to-body channel sounder measurements between two simultaneously moving firefighters, equipped with two integrated textile antennas, providing a sufficiently large set of reliable channel measurements to determine the wideband channel parameters, being the RMS delay spread and the 50% correlation bandwidth. These wideband channel parameters are then used to determine the pertinent Orthogonal Frequency Division Multiplexing (OFDM) parameters to verify the compatibility of the indoor environment with LTE, and, by extension, LTE-D2D.
When focussing on body-to-body communication, [6] and [7] present channel characterization for narrowband dynamic body-to-body communication channels at 2.45 GHz. Channel characterization of the wideband body-to-body transmissions by means of static and dynamic measurements, not replicating real life rescue scenarios, is described in [8] . Moreover, directional stacked patch antennas were mounted on the human body instead of the antennas being unobtrusively integrated into the clothing.
To the authors' best knowledge, this is the first paper which presents a detailed analysis of an indoor wideband body-tobody communication channel using high-resolution channel sounding measurements supplemented with ray-tracing results. Moreover, for the first time in literature, the paper validates, by means of real channel sounder measurements, that the LTE standard is very suitable for indoor body-to-body links between on-duty rescuers.
II. MEASUREMENT SETUP Two Ultra Wideband cavity-backed slot antennas in Substrate Integrated Waveguide (SIW) technology [9] were unobtrusively 978-1-4673-9907-4/15/$31.00 c IEEE integrated inside the front and back sections of rescuer workers' garments, as shown in Fig 1. The fabricated antenna is matched for the frequency band ranging from 3.33 GHz to 4.66 GHz, with a -10 dB bandwidth of 1.33 GHz and a fractional bandwidth of 33%. Moreover, this topology provides stable radiation characteristics when placed on different onbody locations or even when the antenna is bent, which typically occurs in real-life rescue operations. Furthermore, owing to the use of a groundplane, the antenna radiates away from the firefighter while minimizing the backside radiation towards the firefighter's body which guarantees safe and energy-efficient operation and, hence, makes this antenna topology very suitable for on-body usage. Additionally, the fabricated SIW textile antenna is small, low-proflile, light weight and flexible. This enables easy deployment inside a rescuer's jacket. A real-life rescue operation, performed by the Rapid Intervention Team looking for potential victims, was replicated by mobile measurements during which both firefighters were simultaneously moving around on the same floor of an office block. When both firefighters enter a building, according to the commonly employed "two in -two out" principle, the RX firefighter, whose trajectory is marked by the short dashed line on Fig. 2 , starts scanning the offices whereas the TX firefighter, whose trajectory is marked by the long dashed line, is simultaneously scanning the hallway, while he remains in the vicinity of the RX firefighter. The markers A, B and C, placed along both firefighter trajectories, indicate where the firefighters are located at the same time instance during the one minute long measurement, gathering 4650 measurement cycles. Measurements were performed using the ULB-UCL Elektrobit channel sounder at 3.6 GHz center frequency with 120 MHz useful bandwidth. The TX power was chosen equal to 20dBm to obtain reliable wideband channel measurements.
III. WIDEBAND CHANNEL CHARACTERIZATION
Indoor body-to-body communication is heavily influenced by multiple delayed paths arriving at the RX firefighter, caused by several reflectors and scatterers in the office environment. The time varying power delay profiles P h (τ ), showing the power and the corresponding delays of these multipath components together with the power and the delay of the dominant, strongest path, are visualized in Fig. 3 for all four body-to-body links.
A number of interesting features are observed for the Front to Front (F2F) link when both firefighters are walking in the corridor (interval BC on Fig. 2 ) along the same positive X direction towards the end of the corridor. The last arriving multipath components, originating from the TX front antenna and impinging on the RX front antenna, decrease in delay, as seen on Fig. 3A . The opposite holds for the B2B link, as seen on Fig. 3D , in the same interval BC, where again, both firefighters are walking in the corridor (interval BC) along the same positive X direction towards the end of the corridor. Here, the dominant multipath component, transmitted by the TX back antenna and impinging on the RX back antenna, increases in delay and path length.
By modelling the indoor environment using the AWE Communication -Winprop ray tracing algorithm [10] , we try to calculate the propagation paths of each multipath component in P h (τ ). Despite the fact that the office environment cannot be modelled into great detail because of the large number of potential reflectors and absorbers, such as computers, desks, people, which cannot all be included inside our model, good similarity is obtained between the power delay profile of the last measurement cycle in interval BC and by the ray tracing algorithm for the F2F as shown in Fig. 4 . This good agreement is obtained by incorperating the most important scatterers on the simplied indoor office model, such as the metal and glass closets, windows, doors and walls, as also visible in Fig. 2 .
The ray tracing algorithm shows that the last two dominant peaks for the F2F link are caused by multipath components that reflect on the metal closet and on the walls at the end of the corridor, as shown in Fig. 2 , leading to decreasing delays when both firefighters are moving towards these reflectors, as in interval BC. For the B2B link, the ray tracing algorithm indicates that the last dominant multipath component corresponds to reflections on the window in the staircase leading to increasing delay and path loss when both firefighters are walking away from these reflectors, in the positive X-direction. For the F2B link, P h (τ ) changes dramatically over time due to multiple reflections, diffractions and scaterring. In contrast, for the B2F link, one multipath component remains constant over time as shown in Fig. 3C . The latter multipath component has a fairly constant delay because both firefighters are walking in the positive X-direction (as indicated in Fig. 2 ) at equal speeds, in a situation where the signal propagation occurs via double reflection on objects situated behind and in front of of the TX firefighter in the floor plan. Note that the power and delay of both the dominant path and multipath components vary over time, depending on the constantly changing mutual orientation and relative distance between the RX and the TX firefighters.
1) RMS delay spread:
The RMS delay spread τ RM S indicates the time domain spread of multiple delayed copies of the transmitted pulse arriving at the RX firefighter. It is calculated for every of the 4650 measurement cycles, for all four body-to-body links separately. Define L the number of distinct multipath components, P l the (linear) power of a multipath component and τ l the corresponding delay of that multipath component, such that the RMS delay spread τ RM S is calculated via the mean delayτ as [11] :
The excess delay τ excess is defined as the difference in delay between the first and last arriving multipath of P h (τ ). It is calculated as:
Since τ RM S not only depends on the delay but also on the power of the multipath components, it is important to define the power ratio, in dB, as the ratio of the direct path power P 1 to the power summed over the other multipath components P m , extracted from P h (τ ).
By considering the power ratio, it is possible to distinguish indoor scenarios that lead to high and low τ RM S values, such as in the interval BC for the F2B and the B2F link. As shown on Fig. 3B , for the F2B link, where the TX front and RX back antenna are pointing away from each other, a lot of multipath components are present in interval BC. The powers of these multipath components are only slightly smaller than the power of the dominant path, leading to a small power ratio and a large excess delay, which causes a high RMS delay spread, as shown in Fig. 5 and numerically described in Table I . In the same interval BC, the opposite holds for the B2F link, where the TX back antenna is directly pointing towards the RX front antenna. Now, the dominant, direct path is clearly stronger than the power in the multipaths, corresponding to a high mean power ratio. Together with the smaller excess delay, this leads to a smaller τ RM S in interval BC. When comparing the F2F and F2B link, we clearly notice the influence of the power ratio on τ RM S . Despite the fact that the excess delay is approximately equal, the lower PR for the F2B link leads to a RMS delay spread that is 62% higher than for the F2F link, as described in Table I . Fig. 5 also shows that, in interval AB, τ RM S is low and approximately constant due to the lack of strong multipath components. Also note that τ RM S , in Fig. 5 , is obtained by using a running average filter over 77 consecutive samples, corresponding to one second of measurement, in order to prevent a heavily varying τ RM S and to ensure that the trends are clearly visualized for all intervals. Previous extensive wideband indoor channel measurements, described in [12] , show that τ RM S is environment and frequency dependent with values generally below 30 ns, except for very large rooms with large distances between potential reflectors, as is the case in our indoor environment. A more general rule of thumb indicates that τ RM S is above 10 ns and under 50 ns [11] which largely matches the results presented in Fig. 6 , presenting the CDFs of τ RM S for all four body-to-body further calculations in Section IV, we make use of the 90% outage probability level, τ RM S,90 , defined as the maximum RMS delay spread during 90% of the time and these values are numerically described in Table II. 2) 50% correlation bandwidth: If the calculated τ RM S is not significantly smaller than the symbol duration T S , strong multipath components of symbol X n could influence symbol X n+1 , leading to Inter Symbol Interference (ISI). Moreover, delayed multipaths, arriving at the RX firefighter, introduce frequency selective fading, which is analyzed by observing the correlation between received signals at two different frequencies [11] . In this case, the frequency correlation function is given by the Fourier Transform of P h (τ ):
In this contribution, the 50% correlation bandwidth B C,0.5 is defined as the minimal bandwidth separation Δf , resulting in 50% decorrelated signals. Note that, since the useful channel sounder bandwidth is equal to 120 MHz and the 50% correlation bandwidth is defined single-sided, the maximum computable bandwidth separation is limited to 60 MHz in our measurement setup.
If the indoor body-to-body channel only exhibits few weak multipath components, the wideband channel is almost frequency flat and the frequency separation is large (> 60MHz). This is happening in the dashed red line in Fig. 7 . In contrast, if the indoor body-to-body channel is composed of a lot of strong multipath components, corresponding to low power ratios, the frequency selectivity of the wideband channel increases because the delayed multipaths interfere with each other. This leads to smaller frequency separation to ensure 50% decorrelation, as happening for the solid blue line shown in Fig. 7 , corresponding to to 13.81 MHz frequency separation for a Power Ratio equal to -6.89 dB. As a final step of the wideband body-to-body channel characterization, we calculate the parameter α which describes the inverse relationship between τ RM S and B C,0.5 . Its value depends on the environment as well as on the power ratio: environments [12] , these values indicate that the wideband, indoor body-to-body channel parameters are within the normal range.
IV. LONG TERM EVOLUTION (LTE)
In this Section, we analyze whether the LTE standard, and, by extension, the LTE-D2D standard, would be suitable for an indoor body-to-body communication channel. As explained in Section III-2, the symbol duration T s should be sufficiently larger than the RMS delay spread to avoid ISI. However, decreasing the symbol duration T s results in a lower data rate, which limits the possibility to transmit multimedia or real-time on-body sensor data. Therefore, the frequency selective wideband channel is subdivided into N frequencyflat, orthogonal and low data rate subcarriers, which enlarges the total data rate and avoids ISI by inserting a cyclic prefix between two succesive OFDMA symbols on one subcarrier.
A. Frequency Domain
Define Δf max as the maximum subcarrier bandwidth that still guarantees frequency flat fading on all subcarriers for all four body-to-body links during (at least) 90% of the time. Based on the minimum 50% correlation bandwidth, the maximum subcarrier spacing is generally calculated as [11] :
B. Time Domain Define CP min to be the minimum cyclic prefix length that prevents ISI on all subcarriers for all four body-to-body link during (at least) 90% of the time. Based on the maximum RMS delay spread, the minimal cyclic prefix length is generally calculated as [13] :
CP min = 3.τ RM S,max = 137.4ns
These calculated OFDM parameters are compatible with the LTE standard, which sets the cyclic prefix length equal to 4.69 μs [14] , being larger than the CP min , and the subcarrier bandwidth equal to 15 kHz [14] , being smaller than Δf max .
V. CONCLUSION
This paper presents a detailed wideband indoor body-tobody channel characterization by means of channel sounder measurements and a ray tracing algorithm. The ray tracing results show good agreement with the actual measurement results which indicates that our simplified indoor office model is reliable and, hence, useful to further investigate indoor bodyto-body propagation. The results of the measurement campaign show that, the LTE, and, by extension, the LTE-D2D standard is a potential standard for public safety indoor body-to-body networks, a purpose for which it was originally not designed.
In contrast to a cellular based network, an indoor body-tobody link is subject to fading and body shadowing at both ends of the link with additional highly variable signal fluctuations due to the constant reorientation of both members of the Rapid Intervention Team. It is of great interest to see that the LTE standard, designed for communication with a fixed access point, is also suitable for indoor communication between two simultaneously moving firefighters, experiencing these difficult radio propagation conditions.
